The effects of dopamine and isoprenaline on the pulmonary vasoconstrictor response to alveolar hypoxia were assessed by measuring the redistribution of blood flow between the lungs in response to unilateral hypoxia. Dose rates of dopamine 25 [zg kg" 1 min" 1 and isoprenaline 0.25 ng kg" 1 min" 1 (which produced equal increments in the contractile force of the heart in dogs) produced a similar degree of depression of the hypoxic vasoconstrictor response, whereas dopamine 2.5 y.g kg" 1 min" 1 had little effect on the response. Pag, during unilateral hypoxia was inversely related to the blood flow through the hypoxic lung.
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(which produced equal increments in the contractile force of the heart in dogs) produced a similar degree of depression of the hypoxic vasoconstrictor response, whereas dopamine 2.5 y.g kg" 1 min" 1 had little effect on the response. Pag, during unilateral hypoxia was inversely related to the blood flow through the hypoxic lung.
The i.v. infusion of isoprenaline or dopamine to patients with cardiorespiratory disease may result in a marked decrease in / > a 02 (Fordham and Resnekov, 1968; Mulroy and Fairley, 1977; Rapin et al., 1977) for which there are several possible explanations. First the drug may stimulate tissue oxygen demand more than cardiac output so that the mixed venous oxygen tension decreases. As a result, the Po 2 of the blood passing through non-ventilated areas of lung would decrease, thus decreasing Pa 02 . A second explanation is that the drug may open up anastomotic pathways, which are closed normally, between the right and left sides of the lung either by a direct effect on the anastomotic vessels or by increasing the pulmonary artery pressure (Tobin, 1966) . A third possibility is that the drug may increase ventilation/ perfusion inequality by altering the distribution of ventilation or perfusion. A redistribution of perfusion to poorly ventilated parts of the lung could be produced by an alteration in pulmonary vascular pressures secondary to a change in cardiac output, by a direct dilator or constrictor action of the drug on the pulmonary blood vessels or by depression of the hypoxic pulmonary vasoconstrictor mechanism which normally diverts blood flow away from areas of lung with a low alveolar Po 2 (Hughes, 1975) .
The present experiments were designed to elucidate whether the i.v. infusion of dopamine produced a dose-dependent depression of the pulmonary vaso-constrictor response to alveolar hypoxia and whether those dose rates of isoprenaline and dopamine which produced equal increases in myocardial contractile force in the dog produced a similar degree of depression of the hypoxic response. It had been found in a previous series of experiments that a dose rate of dopamine 25 [xg kg" 1 min" 1 produced the same increase in contractile force as isoprenaline 0.25 jj.g kg"
1 min" 1 (Marin-Neto and colleagues, in preparation). These doses were compared with a dose rate of dopamine 2.5 jxg kg" 1 min" 1 to ascertain whether the effect on the hypoxic vasoconstrictor response was dose-dependent. The response was assessed at each stage of the experiment by measuring the redistribution of pulmonary blood flow between the two lungs in response to unilateral alveolar hypoxia produced by ventilating the left lung with oxygen 7% in nitrogen.
METHODS
The experiments were performed on eight dogs of various breeds weighing 18-30 kg. They were anaesthetized with thiopentone 20-30 mg kg" 1 i.v. followed by pentobarbitone 60-180 mg, additional small doses of thiopentone being given throughout the experiment when required.
The animals were placed supine in a V-shaped trough and the trachea was intubated with a cuffed tube. Ventilation of the lungs was controlled with a Cape ventilator adjusted to provide an end-tidal carbon dioxide concentration of 4-5%, at a constant frequency of 15 b.p.m.
The right and left femoral vessels were cannulated to allow measurement of cardiac output by dye dilution, blood sampling, direct arterial pressure measurement and the continuous infusion of xenon-133 solution into the inferior vena cava. Swan-Ganz and polyethylene catheters were floated into the pulmonary artery for the recording of pulmonary artery and wedge pressures (Fife and Lee, 1965; Swan et al., 1970; Lozman et al., 1974) . All the pressures were recorded with Consolidated Electrodynamics strain gauges and displayed on a Devices M19 heated stylus recorder, the transducers being calibrated repeatedly against a saline column.
Blood flow, cardiac output and blood-gas measurement
The techniques used for these measurements have been described previously (Sykes, Hurtig et al., 1977 a, b) . A tracheal divider (Seed and Sykes, 1972) was inserted and the ventilation to each lung controlled at constant tidal volume by two second-stage ventilator systems which permitted the gas concentrations to each lung to be varied independently. The distribution of blood flow between the two lungs was measured continuously by recording the radioactivity of the mixed expired gas from each lung whilst xenon-133 solution was infused continuously into the inferior vena cava. Since the quantity of xenon delivered to each lung is proportional to its blood flow, and since approximately 95% of the gas is evolved during its first passage through the lungs, there is a direct relationship between the ratio of the mixed expired activity from each lung and the ratio of blood flows. The technique has been evaluated and shown to be sufficiently accurate for this work (Sykes, Hill et al., 1977) . Cardiac output measurements were made by the dye dilution technique using indocyanine green dye whilst measurements of blood-gas tensions and pH were made on duplicate electrode systems at 37 °C and corrected to body temperature . Haemoglobin was determined by the cyanmethaemoglobin method.
Experimental programme
Both lungs were ventilated initially with oxygen 100% and the ventilation to each lung was adjusted to produce an end-tidal carbon dioxide concentration of 4-5% with equal counts of radioactivity on each side. Since the counting geometry was matched carefully this indicated that ventilation was evenly matched to blood flow.
After 30 min to allow stabilization, mean arterial, pulmonary artery and wedge pressures were recorded, together with duplicate dye dilution curves. Pulmonary artery and systemic arterial samples were drawn for measurement of blood-gas tensions, pH and Hb concentration. The end-tidal carbon dioxide concentrations and airway pressures were recorded also.
The hypoxic response was then tested by ventilating the left lung with oxygen 7% in nitrogen whilst the right lung was still ventilated with oxygen. The diversion of blood flow from the hypoxic to the oxygenated lung was followed on the recorder and, at about 10 min, when the diversion had reached its peak, a full set of measurements was repeated. Bilateral ventilation with oxygen was resumed and an i.v. infusion of dopamine 2.5 |*g kg" 1 min" 1 started. Another set of measurements was made 10 min after starting the infusion and the left lung then ventilated with oxygen 7% in nitrogen. The fourth set of measurements was made at the peak of the diversion, the infusion turned off and bilateral ventilation with oxygen resumed. Thirty minutes later measurements were made on bilateral oxygen and again at the peak of the second control hypoxic response. The sequence of measurements on oxygen and oxygen 7% was repeated during the infusion of dopamine 25 jxg kg" 1 min" 1 and during the infusion of isoprenaline 0.25 f/.g kg" 1 min" 1 . In these experiments the hypoxic stimulus was always applied to the left lung so that it proved convenient to express the distribution of blood flow in terms of the peak right-to-left ratio of xenon-133 counts. These were determined by visual averaging of the tracing. Thus when ventilation was matched correctly to blood flow on bilateral oxygen the ratio was 1, but when unilateral hypoxia to the left lung caused a diversion of blood flow away from that lung the ratio was increased.
Since R/L ratios of blood flow are not distributed normally, statistical analysis was performed by Wilcoxon's signed rank test. The remainder of the data was subjected to a two-way analysis of variance.
RESULTS

Blood flow measurements
A typical record of a hypoxic response obtained before, during and after the administration of dopamine 25 jxg kg" 1 min" 1 is presented in figure 1 . Table I shows the individual measurements of R/L ratios of blood flow at each stage of the experiment, the meaned results being illustrated in figure 2. The R/L ratios during unilateral hypoxia were usually smaller during the initial control period (CJ than during the three subsequent control periods (C 2 , C3 and Q) although the differences only reached Typical records of the radioactivity of mixed expired gas from each lung (ordinate) before, during and after the administration of dopamine 25 (ig kg"" 1 min" 1 . Time along the abscissa. When the left lung is made hypoxic by the administration of oxygen 7% in nitrogen there is a reduction in radioactivity of gas from the hypoxic lung and an increase in count rate from the oxygenated lung. The redistribution of blood flow in response to unilateral hypoxia is depressed during the infusion of dopamine, but the response returns when the drug is withdrawn.
of the high dose of dopamine and during the administration of isoprenaline the ratios during unilateral hypoxia were significantly less than those obtained during the control periods before and after the administration of the drugs. The response to hypoxia during the administration of the high dose of dopamine was significantly less than the response during the administration of the low dose. 
FIG. 2.
Mean right-to-left (R/L) ratios of blood flow throughout the experiment. The response to the unilateral administration of oxygen 7% in nitrogen was tested in the control periods when no drug was being given (C 15 C 2 , C 3 and C 4 ), during the administration of dopamine 2.5 and 25 ng kg" 1 min" 1 (Dop. 1 and Dop. 2) and during the administration of isoprenaline 0.25 |ig kg-1 min-1 (Isop.). Significant depression of the response occurred with the high dose of dopamine and with isoprenaline. (Tables   II, III) .
Cardiovascular and respiratory measurements
Changes produced by dopamine and isoprenaline on bilateral oxygen. There was a significant increase in mean aortic pressure (P^o) during the administration of both doses of dopamine and a significant decrease during the administration of isoprenaline. Mean pulmonary artery pressure (Ppj) increased significantly both with the high dose of dopamine and with isoprenaline, whilst mean pulmonary artery wedge pressure (P^A) increased significantly only in response to the high dose of dopamine. Cardiac output (g) decreased after the initial dose of dopamine but was significantly greater during the high dose of dopamine than during C 2 . During isoprenaline infusion Q was significantly greater than during C 3 or C 4 . Mixed venous oxygen tension (Pv 02 ) and Pa C02 were significantly greater during the administration of the high dose of dopamine and during isoprenaline infusion than during the control periods before and after administration of the drugs. Both the high dose of dopamine and the isoprenaline infusion produced a reduction in the calculated base excess (BE) so that hydrogen ion concentration [H + ] was significantly greater at the end of the experiment than at the beginning.
Responses to unilateral hypoxia. There were no significant changes in Pa 0|! on bilateral oxygen throughout the experiment, but there were significant reductions in Pa 0 when the left lung was ventilated -*fw ith oxygen 7%. The changes in Pa 0 , in response to hypoxia mirrored the changes in blood flow. Thus Pa 02 during the administration of the low dose of dopamine was not significantly different from that measured during unilateral hypoxia at C x and C 2 , but •Pa 02 during the administration of both the high dose of dopamine and isoprenaline was significantly less than Pa Oa during unilateral hypoxia in the control periods before and after drug infusion ( fig. 3) . 
FIG. 3. Arterial Po 2 values (mean±SD) during bilateral administration of oxygen (above) and during unilateral hypoxia (below). The reduction in Pa
Ol in response to unilateral hypoxia was significantly greater during the infusions of the high dose of dopamine and isoprenaline than during the control periods before or after (C 2 , C 3 , C 4 ).
There were small increases in airway pressure on the left side in response to the administration of the hypoxic gas mixture whilst the alterations in endtidal carbon dioxide concentrations (ETco 2 ) closely paralleled the changes observed in the distribution of pulmonary blood flow.
DISCUSSION
These experiments showed that the 25-fxg kg" 1 min" 1 dose rate of dopamine and the 0.25-|j.g kg" 1 min" 1 dose rate of isoprenaline produced a similar depression of the pulmonary vasoconstrictor response to unilateral hypoxia whilst the low dose of dopamine had little effect. These observations were confirmed by the observation that arterial Po 2 during unilateral hypoxia for Pa 0 . was less when the response was depressed by isoprenaline and the high dose of dopamine than during the other hypoxic periods.
One of the problems inherent in this type of animal model is that the magnitude of the response varies widely between animals and usually increases with time. The increase with time was observed in a number of our earlier studies (Sykes, Hurtig et al., 1977b) and was thought to result from the admini-' stration of drugs, for there had been no increase in the response in four dogs which has been subjected to unilateral hypoxia every 30 min for 2 h without the administration of drugs. However, an increase in the response with time was observed later in five other dogs studied over a period of 4 h, whilst Unger and colleagues (1977) have now confirmed that the response increases with time in the absence of drug administration. On account of this poor initial response and the relatively short half-life of the drugs we decided to adopt a programme in which the smallest dose of dopamine was always given first. Unfortunately, the failure to randomize the sequence of the administration of the drugs created further problems because the control values for cardiac output after the smaller dose of dopamine were significantly less than during the initial control period. The reduction in cardiac output after dopamine has been observed in other experiments in which the animals were not submitted to hypoxia and is associated with changes in glucose and fat metabolism (G. M. Hall, personal communication). Also, it has been seen frequently in the clinical situation when the rate of infusion of the drug is reduced suddenly.
Although the significance of the results with the low dose of dopamine is open to question, there was a marked depression of the hypoxic response during the administration of the high dose of dopamine and during the administration of isoprenaline. The latter observation confirms previous studies which showed that isoprenaline 0.1 ^g kg" 1 min" 1 depressed the response in dogs (Hill and colleagues, personal communication).
A decrease in hypoxic vasoconstriction may result from altered transpulmonary or vascular pressures, changes in blood flow, changes in vasomotor tone or from a direct action of the drug on the hypoxic vasoconstrictor mechanism. Although there were significant increases in the airway pressure on the left side during unilateral hypoxia the magnitude of the changes was small and certainly not great enough to modify the magnitude of the response. Cardiac output was increased significantly by both isoprenaline and the high dose of dopamine, but although there were significant increases in mean pulmonary artery pressure with both drugs the magnitude of the changes was small. Changes in left atrial pressure were minimal also. Benumof and Wahrenbrock (1975) have shown that increases in lung vascular pressures can depress the magnitude of the hypoxic reponse but they observed a decrease in the response only when the changes in pressures were much greater than those recorded in this study.
Furthermore, mean pulmonary artery and pulmonary wedge pressures during C 4 were similar to those during the infusions of the drugs and large diversions of flow were recorded at this time. Therefore, it seems unlikely that the response could have been depressed by the haemodynamic changes accompanying the administration of the drugs.
Changes in vasomotor tone during the infusions of the drugs could have modified the responses to hypoxia by altering the Laplace relationship so it is necessary to consider the effects of the drugs on pulmonary vascular resistance. Unfortunately, the changes in cardiac output in the present experiments render the interpretation of the measurements of pulmonary vascular resistance difficult. It is well known that measured pulmonary vascular resistance decreases with increasing blood flow and with increasing vascular pressures because of recruitment and passive distension of the pulmonary vascular bed (Rudolph and Auld, 1960) . Evidence from lung perfusion experiments in which these variables can be controlled is open to suspicion because the initial vascular tone appears to differ widely between individuals. As a result, drugs which have both dilator and constrictor actions on the vascular bed may appear to be predominantly dilator in some individuals and constrictor in others. Nevertheless, it is generally agreed that isoprenaline is a powerful vasodilator in the dog (Aviado and Schmidt, 1957) whilst dopamine is a vasoconstrictor (Waaler, 1961; Mentzer, Alegre and Nolan, 1976) . Since the hypoxic vasoconstrictor response was depressed by both drugs it seems unlikely that the effect could have been a result of changes in vasomotor tone. Furthermore, vasomotor changes induced by the drugs would have affected each lung equally and so should not have affected the distribution of flow. Therefore it seems reasonable to conclude that the drugs had a specific effect on the pulmonary vasoconstrictor mechanism. Since the mechanisms underlying this response are still unknown (Hales, Rouse and Kazemi, 1977) there is little to be gained from a consideration of how the drugs may diminish the response.
The redistribution of blood flow in response to unilateral hypoxia was accompanied by a decrease in end-tidal carbon dioxide on the hypoxic side and an increase on the oxygenated side, but the magnitude of these changes was reduced when the redistribution of flow was reduced during the administration of the drug. These measurements confirm the radioisotope measurements. They may also explain the increase in peak and end-inspiratory airway pressures on the left side during unilateral hypoxia, for Patterson (1972) has demonstrated that a reduction in endtidal carbon dioxide causes an increase in airway resistance in dogs. It is unlikely that the variations in end-tidal Pco 2 had a significant effect on the magnitude of the response (Malik and Kidd, 1973) . Therefore the changes in carbon dioxide would have tended to oppose the observed changes in blood flow.
The observed differences in arterial Po 2 during unilateral hypoxia correlate also with the changes in blood flow and indicate how arterial Po 2 may be reduced in the clinical situation. Ideally, the experimental model should have enabled us to examine the blood flow through an atelectatic zone of lung. However, there are technical difficulties in the use of electromagnetic flow probes in such situations and we chose to use a method of measuring regional pulmonary blood flow which did not involve thoracotomy or any mechanical interference with the pulmonary circulation. Since this method depended on the elimination of xenon-133 from the alveoli the response had to be induced by decreasing the inspired oxygen concentration. In previous experiments we have used ventilation with nitrogen 100% as the hypoxic stimulus. This gas provides a more powerful stimulus than oxygen 7% but decreases endpulmonary capillary Po 2 below that of mixed venous. Since the extraction of oxygen from the mixed venous blood during nitrogen inhalation depends on the ventilation/perfusion ratio, the end-pulmonary capillary Po 2 in the hypoxic lung is lower when blood flow is maximally diverted and blood flow through the hypoxic lung is decreased. Thus, Pa 02 values during unilateral hypoxia with nitrogen underestimate the magnitude of the redistribution of blood flow.
We chose, therefore, to use a hypoxic mixture which had been shown in previous experiments to produce an end-capillary Po 2 close to the normal mixed venous value. With this mixture the decrease in arterial Po 2 when the response is completely abolished is similar to that which might occur in the clinical situation when the right-to-left shunt flow through an atelectatic lung is approximately equivalent to 45% of the cardiac output.
Although the present experiments suggest that both dopamine and isoprenaline may cause arterial hypoxaemia by depressing the hypoxic vasoconstrictor response, this mechanism can only be of importance when there are significant areas of regional underventilation. Hypoxaemia has been noted to occur in dogs with normal lungs when isoprenaline has been infused Loh, Seed and Sykes, 1971) , but not when dopamine has been given (Scott, Chakrabarti and Hall, in preparation). Therefore, other mechanisms causing hypoxaemia must be considered. There are two main possibilities.
In the first place the increase in cardiac output in the presence of a fixed ventilation might alter the overall ventilation/perfusion ratio and so cause a decreased arterial Po 2 . This mechanism was observed during isoprenaline infusion but it was found in these studies that, when Pco 2 was kept at control values during the infusion of the drug by increasing either tidal volume or frequency, there was still an increase in total venous mixture (breathing air) and an increase in shunt (breathing oxygen 100%) as the dosage of isoprenaline was increased. This suggested that the isoprenaline must have opened previously closed right-to-left shunt pathways. Since a direct relationship between shunt and cardiac output has been observed when output was changed by both haemorrhage and transfusion and by a wide variety of drugs (Yamamura et al., 1969; Sykes et al., 1970; Watanabe et al., 1970) it seems likely that the changes are mainly a result of altered haemodynamics or of changes in mixed venous Po 2 and nor of specific actions of the drugs on the shunt pathways (Smith, Cheney and Winter, 1974) .
It is concluded that there are a number of possible mechanisms which may account for the reduction in arterial Po 2 noted during the administration of isoprenaline and dopamine. In most patients arterial hypoxaemia can be avoided by increasing the inspired Po 2 and by increasing ventilation to match the increased carbon dioxide production. However, in patients with severe lung disease these drugs may produce dangerous arterial Po 2 values. The present experiments suggest that, for a given increase in inotropic activity, the two drugs produce a similar amount of depression of the hypoxic vasoconstrictor mechanism. However, the choice of an inotropic drug must be based on a consideration of many other factors and must finally be decided by studies on patients.
DEPRESSION DE LA VASOCONSTRICTION PULMONAIRE HYPOXIQUE CHEZ LE CHIEN
PROVOQUEE PAR LA DOPAMINE ET L'ISOPRENALINE RESUME Les effets de la dopamine et de l'isoprenaline sur la reaction vasoconstrictrice pulmonaire a l'hypoxie alviolaire ont ete lvalues en mesurant la redistribution du d£bit sanguin 6ntre les poumons par suite de la reaction a l'hypoxie unilat£rale. Les doses de dopamine: 25 ng kg" 1 min" 1 et d'isopr£naline: 0,25 (/.g kg" 1 min" 1 (qui produisent des augmentations equivalentes de la force contractile du coeur des chiens) ont produit un degre similaire de depression de la reaction vasoconstrictrice hypoxique, alors que des doses de dopamine de 2,5 ng kg" 1 min" 1 n'ont eu que peu d'effet sur la reaction. Pendant l'hypoxie unilaterale, la P&CO, a eu un^ reaction inverse au debit sanguin par l'intermddiaire du poumon hypoxique. 
SCHWACHUNG DER LUNGENGEFASS-
SUMARIO
Se evaluaron los efectos ejercidos por dopamina e isoprenalina sobre la respuesta vasconstrictora pulmonar a la hipoxia alveolar, midiendo la redistribution de la circulacion sanguinea entre los pulmones, producida como respuesta a la hipoxia unilateral. Las dosis de nivel 25 ng kg" 1 min" 1 de dopamina y 0,25 |xg kg" 1 min" 1 de isoprenalina (que produjeron incrementos iguales en la fuerza contractil del coraz6n en perros) produjeron un grado semejante de depresibn de la respuesta vasconstrictora hipdxica, mientras que 2,5 jig kg" 1 min" 1 de dopamina ejerci6 poco efecto sobre la respuesta. Durante la hipoxia unilateral, el PaQ a se relaciono inversamente con la circulacion de la sangre a travel del pulmon hipoxico.
